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The results of a search foW boson pair production inpp collisions at./s = 1.8 TeV with
subsequent decay to dileptosy(, ee, and uw ) channels are presented. One event is observed with an
expected background @56 + 0.13 events with an integrated luminosity of approximatétypb'.
Assuming equal strengths for thiEWZ and WWy gauge boson coupling parameterand A, limits on
the CP-conserving anomalous coupling constants a6 < Ax < 2.8 and —2.1 < A < 2.1 at the
95% confidence level.

PACS numbers: 14.70.Fm, 13.40.Em, 13.40.Gp, 13.85.Qk
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The standard model (SM) of electroweak interactiongle corresponds to an integrated luminosity of approxi-
makes precise predictions for the gauge boson selinately14 pb~! collected with the DO detector during the
couplings due to the non-Abelian gauge symmetry 0fl992-1993 Tevatron collider run at Fermilab.

SU22), ® U(l)y. The WWy coupling has been studied The DO detector [8] consists of three major compo-
using the cross section and photon transverse energyents: the calorimeter, tracking, and muon systems. A
spectrum ofWy events at UA2 [1], CDF [2], and DO hermetic, compensating, uranium-liquid argon sampling
[3]. However, theWWZ trilinear coupling has not been calorimeter with fine transverse and longitudinal segmen-
previously tested. Th& boson pair production process tation in projective towers measures energy oulrip ~

provides a direct test of both th&Wy and WWZ 4.0, wherey is the pseudorapidity. The energy resolution
couplings [4]. for electrons and photons i&5%//E(GeV). The reso-

The leading-order SM diagrams foi¥ boson pair lution for the transverse component of missing energy,
production inpp collisions areu- and -channel quark £, is 1.1 GeV + 0.02(3 E7), whereY E7 is the scalar
exchange as well as-channel production with either a sum of transverse energ¥;, in GeV, deposited in the
photon or aZ boson as the mediating particle. The lattercalorimeter. The central and forward drift chambers are
process contains th&@Wy and WWZ trilinear couplings. used to identify charged tracks fon| = 3.2. There is
The SM predicts that these couplings &jgw, = —e  no central magnetic field. Muons are identified and their
and gwwz = —ecotdy and that unitarity violation due momentum measured with three layers of proportional
to the u- and t-channel amplitudes (which depend on thedrift tubes, one inside and two outside of the magnetized
well-known couplings between tH& boson and quarks) iron toroids, providing coverage f¢x;| = 3.3. The muon
is prevented by cancellations provided by thehannel momentum resolution, determined fraffy — wu and
amplitudes. ThusW boson pair production provides a Z — uu events, iso(1/p) = 0.18(p — 2)/p> & 0.008
test of the SM gauge structure. (p in GeV/c¢). The pr of identified muons is used to cor-

A formalism has been developed to describe W&y  rect£5"' to form the missing transverse enerdgj..
andWWZ interactions for models beyond the SM [5]. The Muons are required to be isolated, to have energy
general effective Lorentz invariant Lagrangian for the elec-deposition in the calorimeter corresponding to at least that
troweak gauge couplings, after imposiag P, andCP  of a minimum ionizing particle, and to haJe| = 1.7.
symmetry, contains six dimensionless coupling parameFor theu . channel, cosmic rays are rejected by requiring
ters:g|, ky, andAy, whereV = y or Z. gf is assumed that the muons have timing consistent with the beam
to be equal tg], which is restricted to unity by electro- crossing. Electrons are identified through the longitudinal
magnetic gauge invariance. The terms in the effective Laand transverse shape of isolated energy clusters in the
grangian have a normalization which makes the= Z  calorimeter and by the detection of a matching track in
terms larger than th& = vy terms by cofy. The ef- the drift chambers. Electrons are required to be within a
fective Lagrangian can be reduced to the SM Lagrangiafiducial region of|n| = 2.5. A criterion on ionization
by settingky =1 (Aky = ky — 1 =0) and Ay =0. (dE/dx), measured in the drift chambers, is imposed
Throughout this Letter, it is assumed thaf = xz and to reduce backgrounds from photon conversions and
A, = Az. The coupling parameters are related to the maghadronic showers with large electromagnetic content.
netic dipole momentsy(y) and electric quadrupole mo-  The event samples come from triggers with dilepton
ments Qy,) of the W boson:uw = (e/2Mw) (1 + k +  signatures. Theu sample is selected from events pass-
A) and Q% = —(e/M3%)(k — A), wheree and My are  ing the trigger requirement of an electromagnetic clus-
the charge and the mass of theboson [6]. ter with Er = 7 GeV and a muon witlpr = 5 GeV/c.

The effective Lagrangian leads to W boson pair The ee candidates are required to have two isolated elec-
production cross section which grows withthe square of tromagnetic clusters, each witfy = 10 GeV. Theuu
the invariant mass of th# W system, for non-SM values candidates are selected from events where at least one
of the couplings. In order to avoid unitarity violation, muon is identified withp;y = 5 GeV/c at the trigger
the anomalous couplings are parametrized as form factotevel.
with a scale,A [e.g., Ak/(1 + §/A%)?. By requiring In the offline selection for the . channel, a muon with
that tree-level unitarity is satisfied, a constraint= pr = 15 GeV/c and an electron witlEr = 20 GeV are
{6.88/[(k — 1)2 + 2A2]1/* TeV is obtained [4]. Limits required. Both#; and £5*' are required to be=20 GeV.
on the coupling parameters and A are obtained by In order to suppressZ — 77 and bb backgrounds,
comparing the measured cross section Worboson pair it is required that20° = A¢(pr, Br) = 160° if Fr <
production to the predicted non-SM values; the cross0 GeV, whereA¢ (p7, Er) is the angle in the transverse
section increases witk and A above the SM prediction plane between the muon ari-. One event survives
of 9.5 pb [7]. these selection cuts in a data sample corresponding to an

In this Letter the results of a search fgrp(\/s =  integrated luminosity of3.9 + 0.8 pb!.

1.8 TeV) —» WW + X — [I'pv' + X, where the leptons For the ee channel, two electrons are required, each
include muons and electrons, are presented. The data samith Er = 20 GeV. Thekr is required to be=20 GeV.

1025



VOLUME 75, NUMBER 6 PHYSICAL REVIEW LETTERS 7 AGusT 1995

The Z boson background is reduced by removing events The detection efficiency for SMV boson pair produc-
where the dielectron invariant mass is betwé&@nand tion events is determined using theTHIA [10] event gen-
105 GeV/c?. It is required that20° = A¢(py, Er) =  erator followed by a detailedEANT [11] simulation of the
160° for the lower energy electron iffy = 50 GeV. DO detector. Muon trigger and electron identification ef-
This selection suppresses— e¢e as well astr. The ficiencies are derived from the data. The overall detection
integrated luminosity in this channel 1¢.3 = 0.8 pb™!.  efficiency for SMWW — epu is 0.092 + 0.010. For the
One event survives these selection requirements. ee channel the efficiency i16.094 = 0.008. For theuu

For theu o channel, two muons are required, one withchannel it is0.033 £ 0.003. For the three channels com-
pr = 20 GeV/c and another withpr = 15 GeV/c. In  bined, the expected number of events for $Kboson
order to removeZ boson events, it is required that the pair production, based on a cross sectio®.6fpb [7], is
Er projected on the line bisecting the muon tracks in thed.47 + 0.07. The efficiency is larger for anomalous cou-
transverse plane be greater ti#hGeV. This selection plings because of the increase in thebosonPy. The
requirement is less sensitive to the momentum resolutioMonte Carlo program of Ref. [4] followed by a fast de-
of the muons than is a dimuon invariant mass cut. Itector simulation [12] is used to estimate the detection ef-
is required thatA¢ (p7, Br) = 170° for the higherp;  ficiency for W boson pair production as a function of the
muon. No events survive these selection requirements iooupling parameters and «.
a data sample corresponding to an integrated luminosity The backgrounds due t6 boson, Drell-Yan dilepton,
of 122 = 0.7 pb L. Wy, and ¢ events are estimated using th#THIA and

Finally, in order to suppress background from I1SAJET [13] Monte Carlo event generators followed by
production, the vector sum of thg; from hadronsEs%¢,  the GEANT detector simulation. The backgrounds from
defined as-(E}' + EX + Fr) is required to be less than b, c¢, multijet, andW + jet events, where a jet is mis-
40 GeV in magnitude for all channels. Figure 1 showsidentified as an electron, are estimated using the data.
a Monte Carlo simulation of}*® for ~20 fb~! of SM  The 77 cross section estimates are from calculations of
WW and 7 events. FOrWW events, nonzero values of Laenen, Smith, and van Neerven [14]. Thdackground
E? are due to gluon radiation and detector resolutioniS averaged fot,,, = 160, 170, and180 GeV/c?. The
For 17 events, the most significant contribution is thePackground estimates are summarized in Table I.
b-quark jets from ther-quark decays. This selection ~The 95% confidence level upper limit on the boson
reduces the background from production by a factor of ~P&ir production cross section is estimated based on one
4 for at-quark mass o160 GeV/c? and is slightly more Signal event including a subtraction of the expected
effective for a more massivequark. The efficiency of Packground 00.56 = 0.13 events. The branching ratio
this selection criterion for SMV boson pair production W — /7 = 0.108 = 0.004 [15] is assumed. Poisson-
events is0.95°39} and decreases slightly with increasing distributed numbers of events are convoluted with
W boson pair invariant mass. The surviviag candidate Gaussian uncer_talnt_les on the detection eff|C|enC|e§, back-
passes this selection requirement butdpecandidate [9] 9round and luminosity. For SW boson pair production,
is rejected. the upper limit for the cross section 8§ pb at the 95%
confidence level. From the observed limit, as a function
of A andk, and the theoretical prediction of th& boson
pair production cross section, the 95% confidence level
limits on the coupling parameters shown in Fig. 2 (solid
line) are obtained. Also shown in Fig. 2 (dotted line)
is the contour of the unitarity constraint on the coupling

500--||-||-I|

TABLE I. Summary of backgrounds t&WW — ee, WW —

ew, and WW — uu. The units are the expected number
of background events in the data sample. The uncertainties
include both statistical and systematic contributions.

{ Background eu ee yoy
Z — ee OF uu 0.02 = 0.01 0.068 = 0.026
) N A —~ee L Z =TT 0.11 = 0.05 <1073 <1073
0 50 100 150 Drell-Yan dileptons <1073 <1073
EThad (GeV) Wy 0.04 = 0.03 0.02 * 0.01

QCD 0.07 = 0.07 0.15 £ 0.08 <1073
FIG. 1. E}* for Monte CarloWW and:7 events withM,,, = 17 0.04 = 0.02 0.03 = 0.01 0.009 =+ 0.003
160 G.‘eV/C2 (fL dt ~ 20 fbil). Events WlthE?ad = 40 GeV Total 026 *+ 0.10 0.22 + 0.08 0.077 + 0.026
were rejected. — — - —
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FIG. 2. 95% CL limits on theCP-conserving anomalous

couplings A and Ak, assuming that, = Az and x, = «z. N _

The dotted contour is the unitarity limit for the form factor *Visitor from CONICET, Argentina.

scaleA = 900 GeV which was used to set the coupling limits. Visitor from IHEP, Beijing, China.
*isitor from the Universidad de Buenos Aires, Argentina.
Svisitor from Univ. San Francisco de Quito, Ecuador.
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